The equilibrium and non-equilibrium optical properties of single-layer transition metal dichalcogenides (TMDs) are determined by strongly bound excitons. Exciton relaxation dynamics in TMDs have been extensively studied by time-domain optical spectroscopies. However, the formation dynamics of excitons following non-resonant photoexcitation of free electron-hole pairs have been challenging to directly probe because of their inherently fast timescales. Here we use extremely short optical pulses to non-resonantly excite an electron-hole plasma and show the formation of two-dimensional excitons in single-layer MoS 2 on the timescale of 30 fs via the induced changes to photo-absorption. These formation dynamics are significantly faster than in conventional 2D quantum wells and are attributed to the intense Coulombic interactions present in 2D TMDs.
The equilibrium and non-equilibrium optical properties of single-layer transition metal dichalcogenides (TMDs) are determined by strongly bound excitons. Exciton relaxation dynamics in TMDs have been extensively studied by time-domain optical spectroscopies. However, the formation dynamics of excitons following non-resonant photoexcitation of free electron-hole pairs have been challenging to directly probe because of their inherently fast timescales. Here we use extremely short optical pulses to non-resonantly excite an electron-hole plasma and show the formation of two-dimensional excitons in single-layer MoS 2 on the timescale of 30 fs via the induced changes to photo-absorption. These formation dynamics are significantly faster than in conventional 2D quantum wells and are attributed to the intense Coulombic interactions present in 2D TMDs.
A theoretical model of a coherent polarization that dephases and relaxes to an incoherent exciton population reproduces the experimental dynamics on the sub-100-fs timescale and sheds light into the underlying mechanism of how the lowest-energy excitons, which are the most important for optoelectronic applications, form from higher-energy excitations. Importantly, a phonon-mediated exciton cascade from higher energy states to the ground excitonic state is found to be the rate-limiting process. These results set an ultimate timescale of the exciton formation in TMDs and elucidate the exceptionally fast physical mechanism behind this process.
I. INTRODUCTION
Single-layer (1L) TMDs are attracting growing interest because of their peculiar properties that make them highly suitable for optoelectronics applications [1] . The reduced dielectric screening that is caused by the strong spatial confinement, results in an optical response that is dominated even at room temperature by strongly bound excitons with large (hundreds of meV) binding energies [2, 3] . The enhanced Coulomb interaction gives rise to additional effects such as the occurrence of a Rydberg series of excitonic states [4] and many body complexes like trions [5] and biexcitons [6] , whose physical properties can be tuned by changing the dielectric environment [7] or by applying external stimula such as light [8] , strain [9] , electric [10] and magnetic fields [11] . Ultrashort laser pulses offer an ad- photo-injection of free electron-hole pairs. b) Schematic illustration of the single particle band structure of 1L-MoS 2 at the K/K points. The two arrows represent A/B excitonic transitions, split due to the strong spinorbit interaction at the K/K' points of the Brillouin zone. c) Sketch of the pump-probe experiment. A fewoptical-cycle laser pulse injects free electron/hole pairs at increasing energies above the exciton continuum (E G ). These quasiparticles lose their initial kinetic energy and scatter down, via a cascade process, to lowerlying discrete excitonic states until they reach the 1S excitonic state. The timescale τ (E) of this relaxation process is determined by measuring the absorption change of a probe beam, tuned on resonance with the 1S state, due to the Pauli blocking effect. ditional way to change and potentially control the properties of excitons on a fast timescale.
The non-equilibrium optical response of TMDs has been extensively explored both experimentally and theoretically [12, 13] . The dynamical response of TMDs and in general all semiconductors can be divided into coherent and incoherent regimes [14, 15] . While the incoherent exciton dynamics of TMDs, including processes such as exciton thermalization [16] , radiative/non radiative recombination [17] , intra and intervalley scattering [18] [19] [20] [21] [22] , exciton dissociation [23] and exciton-exciton annihilation [24] have been extensively studied, the coherent exciton response and the corresponding early stage dynamics of the exciton formation process are still almost unexplored largely because the limited available temporal resolution (i.e. > 100 fs for pump-probe optical spectroscopy and > 1ps for time-resolved photoluminescence) has prevented the study of the primary early stage dynamics of exciton photo-generation processes [17, 26] .
Here, we push the temporal resolution of ultrafast differential reflectivity (∆R/R) spectroscopy to the regime of less than 30 fs in order to investigate the dynamics of exciton formation in 1L-MoS 2 . Experimentally, we employ a pump-probe technique that uses ∆R/R to monitor the evolution of the excited state population. Particularly, we elucidate how long it takes for an initial population of high-energy photoexcited electrons and holes to relax to the lowest-energy exciton states (i.e., the 1S states of the A and B excitons), and how this formation time depends upon the energy of the initial state (c.f. Fig.1 ).
The measured dynamics are found to be remarkably fast, suggesting that lowest-energy excitons form from these high energy populations with a characteristic timescale as fast as 10 fs. Upon increasing the energy of the initial state of photoinjected carriers (i.e., by increasing the pump photon energy), we find that (1) the formation time of the excitons increases linearly with increasing energy; (2) an initial, sub-100 fs fast decay component of the excitons vanishes; and (3) the dynamics of a slower decay process (on the timescale of picoseconds) associated with the relaxation of a thermal population of excitons does not substantially change. Simulations based on the TMD Bloch equations attribute the excitation energy dependence of the formation dynamics to a phonon-induced cascade-like relaxation process of high-energy incoherent excitons down to the excitonic ground state [25] . This process, although extremely fast, is predicted to have a characteristic time constant between 20 and 30 fs, corroborating our experimental observations. The early sub-100 fs relaxation dynamics are also well captured by the simulations, which reveal that they arise from the decay of the pump-induced coherent optical polarization into ultimately thermal exciton populations (i.e., incoherent excitons). These results are of great relevance for optoelectronic applications of TMDs as they directly define a timescale for an efficient extraction of hot carriers in 1L-TMDs and TMD-based heterostructures before the exciton formation process. From the steady-state reflectance measurements that are reported in Supplementary Fig. S1 , the lowest energy A and B excitonic resonances that arise from optical transitions between the two-highest energy valence bands and the lowest-energy conduction bands at the K and K' points in the Brillouin zone are centered at the energies of 1.88 eV and 2.03 eV, respectively (see sketch in Fig. 1b ). As illustrated in Fig. 1c , both the A and B optical transitions form two manifolds of Rydberg-like series of bound states that merge into a continuum of unbound electron-hole states [3, 27] . These resonances correspond to the lowest-energy (or ground-state) excitons in the A and B manifolds (i.e., the A 1s and B 1s states, respectively), possess the largest oscillator strengths, and dominate the optical response over the corresponding higher-energy unbound states. Based on previous experimental studies [3, 27] and refined theoretical models [18] , we estimate that the exciton binding energy (i.e., the energetic difference between the 1S exciton and the lowest energy state in the exciton continuum)
II. RESULTS AND DISCUSSION
is of the order of 350 meV. In our measurements the pump photon energies span from 2.29 eV to 2.75 eV (with bandwidths spanning from 90 to 120 meV) and thus, at all energies, photoexcitation predominantly creates an initial population of excitons at or well-into the exciton continuum for the A excitons (as well as for the B excitons at energies above ∼2.4 eV). To monitor the formation dynamics and quantify the formation time (i.e. τ (E) in Fig.   1c ), our probe energies monitor the rise and decay dynamics of the ∆R/R signals for the 1S states of the A and B excitons. (centered at E probe = 1.88 eV) and B 1s (centered at E probe = 2.03 eV) exciton states. In the temporal window explored in the experiment (i.e. ∼200 fs), the ∆R/R spectrum displays a symmetric profile around each excitonic resonance with no shift of the peak maximum,
showing that the signal is dominated by Pauli blocking (see Supplementary Fig.S2 ). of the A 1s and B 1s excitons is longer for higher pump photon energies. When the excitation energy is close to E G , the signal displays a quasi-instantaneous (i.e. pulse-width limited) build-up, while for increased pump photon energy τ rise significantly increases. We stress that this result can be observed only thanks to the high temporal resolution of the setup.
To better quantify this effect, Fig.2c reports the temporal cuts of the maps taken at the A 1s exciton peak for increasing pump photon energies. Figure 2d reports similar cuts for the B 1s exciton. The precise timescale of the build-up dynamics is determined by fitting the time traces in Fig.2c with the product of a rising exponential (accounting for the finite τ rise ) and a decaying exponential that is convoluted with a Gaussian function which accounts for the finite pulse duration. Details on the fitting procedure are given in Supplementary Note 5. Figure 2e unambiguously shows that τ rise monotonically increases with the initial excess energy of the photoinjected carriers. Another interesting effect is the extremely fast decay observed at lower pump photon energy, which occurs on a time-scale comparable to that of the build-up and fades away as the pump is tuned to higher photon energies. This effect is particularly clear on the A exciton ∆R/R trace (see Fig.2c ).
To identify the essential mechanisms that underlie the early-time non-equilibrium optical response of 1L-MoS 2 , we performed simulations based on the TMD Bloch equations [29] .
Our model describes the temporal dynamics of the excitons after the photoexcitation of free electron-hole pairs above or close to E G . The bleaching contribution to the pump-probe signal at the A/B exciton transitions, due to the photoexcitation process, is also calculated and compared with experimental results. Excitonic excitations are theoretically described by solving the Wannier equation (see Supplementary Note 7) [28, 29] . The exciton kinetics are determined by a set of coupled differential equations (TMD Bloch equations) describing the temporal evolution of the polarization (in our theory an excitonic scattering state) and the excitonic population (incoherent excitons) where the phonon-mediated relaxation from energetically higher densities is described with effective rates Γ ν+1→ν determined by independent density functional theory calculations (see Methods section). Solving the set of equations of motion for the coherent polarization as well as incoherent exciton population gives access to the Pauli-blocking contributions of the measured differential signal at the 1s exciton resonance frequencies.
The results of the simulations, reported in Fig.3a , agree remarkably well with the The same for the calculated dynamics at the energy of the B 1s resonance.
The simulations also capture the occurrence of a sub-100 fs decay component, which is particularly evident in the ∆R/R temporal trace for the A 1s state and progressively vanishes at higher pump photon energies. We attribute this effect to an interplay between a coherent exciton polarization and an incoherent exciton density. The coherent contribution adiabatically follows the pump pulse and gives rise to an instantaneous coherent build-up, while the incoherent signal is characterized by a delayed formation time. Figure For high pump photon energies, the difference between full and incoherent curves diminishes since the coherent part inversely depends on the detuning. This difference is related to the polarization which rapidly decays before a significant 1s exciton density builds up that can be detected by the probe pulse. Thus, the transient signal in this energy regime is strongly dominated by the dynamics of incoherent exciton densities. In this excitation regime, the extracted rise time (∼30 fs) of the ∆R/R traces is a direct estimation of the timescale of the incoherent exciton formation process.
Our combined experimental and theoretical work defines a new timescale for the exciton formation process in 1L-TMDs which is much faster than the one previously estimated by intra-excitonic mid-IR [30, 31] and interband visible optical spectroscopy [26] . We also stress that this exciton formation process is faster than the ∼1 ps trion formation time in TMDs [5] and, remarkably, orders of magnitude faster than the formation time of excitons in quantum wells (i.e. ∼1 ns) measured by time-resolved photoluminescence [32] and transient terahertz spectroscopy [33] . This result points to a correlation between the formation time and the binding energy of the excitons and suggests that the dynamics of the binding process of electron-hole pairs into excitons is determined by the strength of the exciton binding energy.
The reduced Coulomb screening makes this process more rapid and effective than for weakly bound excitons in quantum wells or trions. Two different mechanisms have been proposed to describe the exciton formation process in semiconductors: geminate and bimolecular [34] . In the geminate mechanism excitons are directly created upon photoexcitation by simultaneous emission of optical phonons, while in the bimolecular process, excitons are created from thermalized electron-hole pairs. The observed sub-100-fs build-up dynamics suggests that the geminate mechanism mediated by strong exciton-phonon scattering is the dominant process responsible for the formation of excitons. This conclusion is further supported by the pump fluence dependent measurements (see Supplementary Fig.S6) , where no change of τ rise is observed for different densities of photoexcited excitons, contrary to what expected for a bimolecular formation process.
III. CONCLUSIONS
In summary, we have studied the exciton formation process in 1L-MoS 2 by measuring its transient optical response upon excitation with energy tunable sub-30-fs laser pulses. Further details on the growth process are reported in Ref. [3] . Contrast reflectivity and photoluminescence measurements have been carried out to characterize the static optical response of the sample (see Supplementary Fig.S1) Pump-probe setup. The ultrafast pump-probe experiments were carried out using a regeneratively amplified Ti:Sapphire system (Coherent Libra II), emitting 100-fs pulses exciton population N ξ,s ν 1 ,ν 2 ,P are expanded in term of the ϕ ξ,s ν,q basis, as extensively described in Supplementary Note 7. The dynamic optical response is determined by the TMD Bloch equations for the exciton amplitude including bound and continuum excitonic states [2, 29] .
The 
The last two terms on the right-hand side of Eq.1 characterize Coulomb interactions through exciton-exciton scattering:
In order to decrease the complexity of the problem for the description of the experi- 
(∂ t + Γ ξ,s ν→ν−1 )N ξ,s ν = 2γ ξ,s ν |P ξ,s ν | 2 + Γ ξ,s ν+1→ν N ξ,s ν+1 .
Eqs.(4) and (5) describe the dynamics of the incoherent exciton densities associated with the energetically lowest 1s state N ξ,s 1s and higher states N ξ,s ν , respectively. Γ decay =1meV/ characterizes the relaxation of the incoherent exciton densities into the ground state; its value is adjusted to the experimental results. The first contribution on the right-hand side of Eqs (4) and (5) represent the formation of incoherent exciton densities out of optically excited coherent excitations by exciton-phonon scattering [5, 25] , whereas the terms proportional to Γ ξ,s ν+1→ν characterize the phonon-mediated relaxation from energetically higher densities with effective rates Γ ξ,s ν+1→ν = 1eV 
